Abstract The partitioning of 211 At from an irradiated bismuth target using solvent extraction into several organic solvents is presented. Although astatine speciation is difficult to measure given its invariably low chemical concentration its extraction here is consistent with the existence of a cationic species in nitric acid that is not reduced upon contact with the organic phase. This is consistent with previous work that postulated the most probable species in acidic solution as AtO ? . The technique presented has a simple experimental set up and provides high specific activity astatine solutions compatible for use in a-radiolysis studies.
Introduction
Fuel cycle countries worldwide are investigating new, highly selective ligands for use in the recovery of various metal ions of interest from dissolved nuclear fuel. The specific organic compounds used in these applications must have high radiation stability, and the radiation chemistry of the main ligands involved has been reviewed [1, 2] . However, most work has been done using low Linear Energy Transfer (LET) e-beam or 60 Co irradiation. Although the yields of reactive species from high LET irradiation are different, comparatively less work has been done with high LET radiation due to the difficulties associated with working with isotopic a-sources, and the comparative scarcity of He-ion beam accelerators. However, recently it was proposed that 211 At is an advantageous isotopic source for such high LET studies [3] .
Astatine has no stable isotopes and only short-lived radioisotopes. Although much of the lighter halogen chemistry is applicable to astatine, its chemistry in aqueous solution is not as well understood. Its main current use is for the treatment of different forms of cancer, where the ability to synthesize metabolically stable organo-astinides for delivery to tumor cells, and the high energy, highspecific activity of its a-emission are useful [4] [5] [6] . Only recently has 211 At also found utility in a-radiolysis studies, where the effects of its nearly pure a radiation on organic solution chemistry are of interest in nuclear fuel cycle studies [3, 7] . Both cancer treatment and radiation chemical studies are performed using the 7.2-h half-life 211 At, which has two decay modes [8] . In 41.8% of decays daughter 207 Bi is produced, accompanied by a 5.869 MeV a-particle. 211 At has very little gamma emission and no long-lived a-emitting daughters. It can be used to deliver a high LET dose in a short time, and following astatine decay the residual radioactivity is negligible. In radiation chemistry studies the resulting solutions can therefore be analysed without the cumbersome radiological precautions reserved for aemitters as the low LET daughter 207 Bi radioactivity is about 1/80,000 of the initial 211 At activity. The production of 211 At is readily performed by irradiating a natural bismuth target with accelerator produced a particles of \29 MeV through the (a, 2n) reaction (for example: [9] [10] [11] ). The traditional method of isolating the 211 At from the target is though dry distillation. In this process, the irradiated bismuth target is heated to 650-800°C and the astatine vapor is vacuum transferred to a condenser [9, 12] . This method is effective but the yield may vary significantly [13] , and the handling of volatile aemitters requires stringent safety precautions, including working in a radiological glovebox. These difficulties have ensured that alternatives to distillation continue to be investigated.
An alternative to the dry method of obtaining pure astatine is the so-called wet route. This method was investigated starting in the 1960s [12, 14] . In that work, the bismuth target was dissolved in a minimal volume of HNO 3 , which was then adjusted to 8 M in HCl, followed by solvent extraction of the astatine by diisopropyl ether (DIPE), providing good separation from the Bi 3? remaining from dissolution of the target. The wet route has significant advantages in that a considerably less complicated experimental setup is needed, the recovery yield is more predictable than for distillation, and the risk of radiological contamination is greatly reduced. Thus, it continues to be investigated [13] . It is also still possible to extract the product in a small volume of the organic diluent or solvent for use in the preparation of high specific activity sources.
However, reports of astatine solvent extraction chemistry are uncommon and astatine speciation in acidic solution is only gradually becoming understood. Most researchers have continued to investigate extraction by ethers, most often from HCl solution [15] . Balkin et al. [13] performed their target dissolution in HNO 3 , then changed the matrix to HCl to perform DIPE extraction. Since the bismuth target is readily dissolved in HNO 3 , it is of obvious interest to examine astatine extraction directly from that matrix.
Yordanov et al. [16] proposed the use of butyl-, or isopropyl ether for the extraction of astatine directly from HNO 3 solution using commonly available wet chemistry techniques and labware. Astatine was postulated to be present mainly as AtO 2 ? in acidic solution, in which form it was thought to be extracted in analogy with the actinyl cations. However, more recent work has indicated that astatine is likely present as AtO ? under acidic oxidizing conditions, as revealed by solvent extraction and modelling approaches [17] . Following extraction into an organic phase astatine is reduced to At 1-in the ether, as reported by Yordanov et al. [16] . Similarly, Doberenz et al. [18] showed that reduction of astatine, presumably to At 0 , occurred upon contact with many organic solutions, when extracted from less oxidizing perchloric acid solution, and that this facilitated the extraction of astatine from the acidic aqueous phase.
In fuel cycle solvent extraction processes the aqueous matrix is normally nitric acid, which is extracted with ligands dissolved in dodecane, or dodecane/octanol mixtures. Due to the interest of this group in using astatine as an a-source for radiation chemistry studies of solvent extraction ligands, nitric acid was used here to dissolve 211 At from an irradiated bismuth target and the astatine was then extracted into several organic solvents to better understand under what conditions this method can be used for such radiation chemistry studies.
Experimental 211 At production 211 At was produced by the 209 Bi(a, 2n) 211 At reaction using the cyclotron (Scanditronix MC32-NI) at the PET Unit of the Copenhagen University Hospital in Copenhagen, Denmark. The target was prepared at the Department of Applied Physics, Chalmers University of Technology, by evaporating bismuth metal onto one side of a 30 9 27 9 5 mm aluminum backing. The thickness of the bismuth layer was 19-24 lm. It was covered by a 4-7 lm thick aluminum layer to stabilize the thin bismuth layer and to prevent diffusion of 211 At. The alpha particle beam intensity was 10-20 particle lA on the internal bismuth target at an energy of 28 MeV. This energy was chosen to minimize the formation of interfering nuclides like 210 At at a minimum [10] . The irradiation time was about 4 h. The amount of 211 At activity produced was 0.9-1.3 GBq. During irradiation, the other side of the target was cooled by water. After irradiation the target was transported from Copenhagen to Gothenburg. This transport took about 3-4 h from door to door. Thus, the amount of activity used for the experiments was initially *600-900 MBq.
Chemical procedure
The target layer is dissolved in nominally 1.75 mL of concentrated nitric acid (Sigma Aldrich, Suprapur), to obtain an [At] of 2-3 9 10 -8 M. The bismuth was readily dissolved and the losses of astatine to the gas phase were negligible, based upon astatine recovery in the dissolution. The bulk aluminum metal does not dissolve. Aqueous solutions containing *0, 0.5, 1, 2, 4, and 7 M H ? ions were then produced by mixing the astatine stock solution with appropriate amounts of 10 M sodium hydroxide (Sigma Aldrich p.a.). The aqueous solutions were then vigorously shaken for 1 min with an equal volume of the chosen organic phases, namely the alcohols: 1-hexanol (Merck) and 1-octanol (Merck), the alkanes: Solvent 70 (mainly n-heptane, Statoil, Sweden) and dodecane (Merck), the chlorinated compounds: chloroform (Merck) and carbon tetrachloride (Merck) and nitrobenzene (Merck). Chloroform and carbon tetrachloride were only studied at 4 M hydrogen ion concentration because the distribution ratios were low. For concentrated nitric acid, only extraction into dodecane was studied, as the alcohols and nitrobenzene reacted with the acid.
Absorbed dose calculation example
During our most recent irradiation campaign, 500 MBq 211 At was received at Chalmers. This was dissolved in a final volume of 1.4 mL. Liquid scintillation counting of a 10 lL aliquot provided an activity of 4.78 9 10 6 Bq, for a final specific activity of 4.78 9 10 8 Bq mL -1 , indicating that 96% of the expected astatine was recovered.
The corresponding number of atoms of astatine may be calculated using Eq. (1):
where A is the activity (Bq), k is the decay constant (2.67 9 10 -5 s -1 ) and N is the number of atoms. In this case, N = 1.79 9 10 13 atoms mL -1 (2.97 9 10 -8 M). Using the average a-energy per decay of 6.79 MeV and allowing time sufficient for essentially every atom to decay results in the deposition of 1.22 9 10 20 eV, or 19.5 J mL -1 . The resulting absorbed a-dose is 19.5 kJ/kg, or 19.5 kGy, assuming unit density. The time required to ensure that all astatine has decayed and thus to deliver this absorbed dose can be approximated as 10 half-lives, or 3 days. The very small contribution of auger electrons produced by astatine decay to the total absorbed dose has been discounted in this calculation [19] .
For comparison, much of our previous work has employed 244 Cm as the a-source. Although similar doses can be delivered, because of its longer half-life (18.1 year) the a-energy is slightly lower (6.025 MeV avg), and thus a higher chemical concentration of curium is needed. For example 500 MBq of 242 Cm requires 4.1 9 10 17 atoms. Since no practical experiment can allow for all the curium to decay, the post-irradiation samples remain acontaminated.
Distribution ratio measurements
Aliquots (volume depending on expected activity but typically 10 lL or less) of the phases were mixed with 15 mL Emulsifier Safe liquid scintillation cocktail and measured with a Wallac Rackbeta 1219 Liquid Scintillation counter. The dilution was so large that quenching effects were negligible. The extraction efficiency was determined as the ratio of the activity in the organic phase to the aqueous phase using equal volume contacts (distribution ratio, D At = At org /At aq ) with the reasonable assumption that all the measured activity was due to astatine decay.
Results and discussion
The results of the solvent extraction experiments are shown in Fig. 1 and summarized in Table 1 . The alcohols n-octanol and hexanol show much higher distribution ratios for astatine than do the other solvents. As can be seen, the extraction efficiency has a maximum around 1-4 M hydrogen ion concentration. Since the nitrate concentration is unchanged in the solutions of various acidity used here charge neutralization of the extracted species is apparently not required to facilitate extraction into the alcohols.
The low distribution ratios obtained for chloroform and carbon tetrachloride are surprising, since the other halogens are extracted as zero-valent, diatomic X 2 with high yields into these non-polar solvents [20] . However, the presence of At 2 under these conditions is unlikely, both because of the very low astatine chemical concentrations [21] , and based on calculated redox potentials [17, 22] . The low values here for the chlorinated solvents also contradict the values of Doberenz et al. [18] for extraction from HClO 4 . Further, the distribution ratios shown in Table 1 for the non-polar alkanes are also lower than those reported by Doberenz et al. [18] from HClO 4 . Our results for alkanes and organo-chlorine compounds are in better agreement with the results of Alliot et al. [23] also performed with nitric acid. These authors reported D At *0.03 for n-hexane, *0.1 for cyclohexane, and *1 for dodecane, for extraction from 2 M HNO 3 . Their dodecane result is in excellent agreement with the value reported here at the same acidity. Alliot et al. [23] also reported low D At for extractions into chloroform and dichloromethane, and more efficient extraction of astatine from nitric acid into alcohols, consistent with our results. Thus, oxidizing nitric acid apparently facilitates the formation of an astatine species that is not generated in HClO 4 , that is more readily extracted into polar solvents, and that is not necessarily charge neutral. Astatine speciation is difficult to directly measure due to the low chemical concentrations of this element always encountered. However, it can be reasonably ascertained that the extracted species cannot be At -in oxidizing nitric acid [24] . Visser's [21] suggestion that covalently bonded species of astatine with common anions such as nitrate and perchlorate are extractable is interesting but we are not aware of independent confirmation of such unusual species. Although At 2 is not expected at these unavoidably low concentrations of astatine another hypothesis is that interhalogen species [24] [25] [26] [27] [28] are formed simply by reaction with halogen trace impurities. However, Appleman [12] reported a D AtI of *5.5 (vs. D I2 of 86) for extraction into CCl 4 from sodium halide solution and thus our distribution ratios are too low to be explained by interhalogen formation.
The better extraction efficiency into alcohols suggests the extraction of a charged, or at least polar species. Unlike the alkanes, alcoholic solvents will extract a significant amount of nitric acid. For example, Geist reported that the equilibrium nitric acid concentration in 1-octanol was [1 M after contact with a 4 M HNO 3 solution [29] . This would enhance the extraction of charged species into the organic phase. The distribution ratios of this study are consistent with the existence of a cationic astatine species in strong HNO 3 solution, and the expected greater difficulty in reducing it as compared to experiments in HClO 4 . The formation of cationic astatine under these acidic conditions now seems well established [17, 21, 24] . Although Yordanov et al. [16] posited oxidized astatine in their nitric acid solutions as At(V), in the form AtO 2 ? , more recently the combination of extraction experiments and computer modeling has shown that the most probable species under acidic conditions would be AtO ? [22] . Thus, the relatively higher D At achieved with the alcohols is consistent with better extraction of the AtO ? cation by the more polar, acid-saturated solvents.
Nitrobenzene does not follow the trend of increasing D At with polarity, as shown in Table 1 , where dielectric constant is shown as a measure of polarity. However, given its pKa of 3.98, contact with nitric acid should protonate nitrobenzene. This would enhance extraction of nitrate anion from the solution, but probably suppress extraction of cationic astatine species. It should be noted as a safety concern that miscible nitric acid/nitrobenzene mixtures are shock sensitive, even at room temperature. [31] Conclusions A fast, simple, and reliable wet method to selectively partition 211 At directly from HNO 3 solution has been demonstrated. Astatine can be simply and quickly recovered in high yield, and in a form useful for a-radiolysis studies in a variety of potential fuel cycle diluents including solvents such as dodecane or the dodecane/octanol mixtures that are currently used in nuclear fuel cycle proposals. The maximum yield measured for D At was found for all solvents in the range 1-4 M H ? . The results presented here are consistent with astatine existing as AtO ? in oxidizing nitric acid solution. 
